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Working memory for cross-domain sequences
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How is information from different content domains bound together into a representation of the whole
sequence? Several theories predict that mixing information from different domains specifically impairs
the ordering of information from different domains, whereas ordering within domains might be
enhanced. In contrast, domain-general models—in which items from different domains are simply
assumed to be less confusable—predict that mixing items from different domains enhances ordering,
as the list items will on average be less confusable. The results of an experiment showed an overall advan-
tage for mixed over pure lists in ordering information, supporting the domain-general viewpoint.
Simulations with a representative domain-general model—the start-end model of Henson [(1998).
Short-term memory for serial order: The start-end model. Cognitive Psychology, 36, 73-137] —showed
that the model gave a satisfactory account of the data. Together, the data and simulations lend evidence
to the idea that a domain-general mechanism is responsible for ordering stimuli from different domains,
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and that domain-specific effects are attributable to the relative similarity of item representations.
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The study of working memory is concerned with
understanding our ability to temporarily retain and
process information to support goal-directed behav-
iour. One property commonly attributed to working
memory is the ability to arbitrarily bind together
information from different domains (Allen, Hitch,
& Baddeley, 2009; Oberauer, 2005; Oberauer &
Vockenberg, 2009; Treisman & Zhang, 2006;
Wheeler & Treisman, 2002). Past work has tended
to look at binding together of two or more features
that are presented simultaneously—for example,
location and shape information. However, binding
together different pieces of information is also
required for maintaining sequences of events in
working memory, which has been a major topic of
research for several decades (Brown, Preece, &

Hulme, 2000; Burgess & Hitch, 1999; Henson,
1998; Page & Norris, 1998; see Lewandowsky &
Farrell, 2008; or Marshuetz, 2005, for a review).
The queston we ask here is how information
drawn from a variety of domains is sequenced in
working memory. As explained below, different the-
ories of working memory make different predictions
for our ability to bind information from different
content domains into a single sequence.

As an example of the fundamental problem,
Cowan (2000) asked readers to imagine an exper-
iment in which stimuli from different classes were
presented in a sequence memory task (his examples
were a red light, a spoken word, a picture, and a
tone). Cowan (2000) suggested that despite the
fact that memory for the individual components
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would probably be good, memory for the sequence
should be poor because the items do not form a
coherent “scene” and thus require attention to be
shifted between different forms of representation.
Thus, recalling the order of events from different
content domains (such as verbal, visual, and
spatial information) would be predicted to be
harder than recalling the order of events from the
same domain, because the former requires switch-
ing attention between domains both during encod-
ing and during retrieval. Although some earlier
evidence from experiments mixing together digits
and consonants on lists suggested such an atten-
tion-switching deficit (Broadbent & Gregory,
1964), later work showed that performance did
not systematically decline with the number of tran-
sitions (Sanders & Schroots, 1968).

What do multistore models predict for the reten-
tion of lists that mix together items from different
domains? In some respects, a benefit should arise:
Having fewer items stored within each subsystem
will aid memory for the identity of those items and
may arguably assist the ordering of the items
within the subsystems. At the same time, these
models face the problem of how to maintain the
order of items across domains. For instance, in
Baddeley’s model, the phonological loop can main-
tain the order of phonological items such as letters
or words, and the visual-spatial sketch pad could
retain the order of visual and spatial items, but
there is no mechanism for remembering whether a
specific word preceded or followed a specific spatial
item. This problem was one of the motivations for
Baddeley (2000) to propose the addition of a
further store called the “episodic buffer”. Among
other things, the episodic buffer is meant to
account for our ability to temporarily bind together
disparate pieces of information. With this extension,
Baddeley’s model can explain memory for serial
order of mixed-domain lists as follows: The
domain-specific subsystems maintain item memory
(i.e, which items have been presented, independent
of their order) and the order within each class of
stmuli. The episodic buffer retains the overall
order of all items regardless of class.

How would recall of such mixed lists compare to
recall of pure lists, consisting of items from only one

domain, when considering the episodic buffer? To
answer this question we need to distinguish differ-
ent kinds of errors in serial recall, as we do in the
experiment reported below. Imagine a list consist-
ing of two nonwords (4; and 4,), two visual
items (B; and B,), and two spatial items (C;
and ), in random order (e.g., 41B14>,C1C,By).
Different errors are possible depending on which
items are recalled at which position. For example,
people could commit an item error by recalling an
item not presented on the current list (e.g., 45 in
place of 4;). They could commit a within-domain
order erro—for example, by recalling a nonword
from the list in the position of the other nonword
(e.g., A, in place of Ay), or a spatial item in the pos-
ition of the other spatial item (e.g., C; in place of
(,). Finally, they could commit a between-
domain ordering error, such as recalling a
nonword from the list in place of a spatial item
(e.g., recalling 4; in place of Cy).

In order to compare mixed lists to pure lists, a
similar classification needs to be made for pure
lists (e.g., a list of visual items: ByB;B3;B4BsB).
The obvious difficulty is that no between-domain
order errors are possible for lists drawn from a
single domain. Accordingly, in the experiment
below we generate bootstrap data from the pure
condition by applying all possible orderings of the
three pairs of stimulus class to each list; that is, a
particular list is repeatedly analysed as though it fol-
lowed the structure A4ABBCC, AABCBC, AABCCB,
and so on for all orderings (treating 4, B, and C as
exchangeable, such that A4BBCC is equivalent to
AACCBB). For instance, if a participant recalled
the pure list above as ByB,B4B3BsBs, we would
impose the hypothetical structure A4BBCC on it
and classify the errors in the third and the fourth
list positions as two within-domain errors (con-
fusions of the two hypothetical B items). We next
impose the hypothetical structure 4A4BCBC on
the list and classify the two errors as two
between-domain errors (i.e., confusion of a B
with a C in Position 3, and of a C with a B in
Position 4), and so on for all hypothetical struc-
tures. Because with pure lists, those errors are not
truly between-domain errors, we will from here
on use “within-class error” to generally refer to
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within-domain errors (on mixed lists) and the
bootstrap equivalent of within-domain errors (in
pure lists), and “between-class error” for between-
domain errors (on mixed lists) and the bootstrap-
equivalent of between-domain errors (on pure lists).

The question of how items are bound together
across time has also been addressed by formal
models of serial recall. A number of these models
assume that sequence elements are associated with
some representation of their position in a sequence
(Brown et al., 2000; Burgess & Hitch, 1999, 2006;
Henson, 1998; Lewandowsky & Farrell, 2008).
Accordingly, these models raise the possibility of a
shared mechanism for representing the order of
items from different domains. Previous work has
demonstrated that the characteristics of visuospatial
order memory—for example, the patterns of con-
fusions in ungrouped and temporally grouped lists,
and the effects of long-term knowledge—are similar
to those observed for verbal memory (Parmentier &
Jones, 2000; Parmentier, Maybery, & Jones, 2004;
Smyth, Hay, Hitch, & Horton, 2005). Even in
cases where apparent differences in patterns of recall
(e.g., accuracy serial position functions) have been
observed, these have been shown to be attributable
to differences in task rather than domain (Ward,
Avons, & Melling, 2005), or can be explained by
differences between domains in the relative distinc-
tiveness of stimuli (Johnson & Miles, 2009). Such
points of overlap suggest some common principles
underlying ordering in verbal and visuospatial
domains, but they do not necessarily imply a
common mechanism: It may be that separate ordering
mechanisms have evolved to support retention of pho-
nemes and visual information, with the same “trick”
being used in these separate mechanisms. Some evi-
dence that a common mechanism is used comes
from imaging research, where activity in brain
regions such as the interparietal sulcus (IPS) is sensi-
tive to short-term memory (STM) load, age, and the
order demands of a STM task, for both verbal and
nonverbal stimuli (e.g., Brahmbhatt, McAuley, &
Barch, 2008; Majerus et al., 2010; Nystrom et al.,
2000). Behavioural evidence for a common ordering
mechanism was presented by Depoorter and
Vandierendonck (2009), who found substantial
dual-task costs between short-term memory tasks in
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different domains when both tasks contained some
ordering component, which suggest that the tasks
were competing to use a global ordering mechanism.

Models assuming a unitary, domain-general
ordering mechanism make the unique prediction
that mixing together stimuli from different
domains should enhance the ordering of stimuli
between domains. The reason for this is that
stimuli from different domains will be less confusa-
ble than those drawn from a single domain. This is
expected to reduce positional confusions in the
same manner as, for example, nonrhyming stimuli
produce fewer order errors than rhyming stimuli
(e.g., Baddeley, 1968; Bjork & Healy, 1974).
Otherwise, exactly the same ordering mechanism
is used for both pure and mixed lists, so there will
be no differences in the efficacy of ordering. To
determine the generality of the ordering mechan-
ism(s) in working memory, we carried out an exper-
iment in which stimuli from different classes
(verbal, spatial, and visual) were presented either
on domain-pure lists composed of items from a
single domain, or mixed together in lists. As dis-
cussed above, alternative theoretical perspectives
lead to different predictions for how memory on
pure and on mixed lists compares. Theories assum-
ing that coherence of successive events in a
sequence is important for encoding and retrieving
their order (Cowan, 2000) predict a general impair-
ment for mixed compared to pure lists. Simple
multistore models such as the original Baddeley
theory (Baddeley, 1986) make the same prediction,
but the current version of Baddeley’s theory,
including a domain-general episodic buffer,
makes the more specific prediction that mixed
lists will be recalled better than pure list with
regard to item memory and to within-class order
memory, but worse with regard to between-class
order. Finally, models assuming a unitary mechan-
ism of ordering predict that recall of mixed lists will
be generally better than recall of pure lists, includ-
ing an advantage for between-class order.

The experiment reported below examined serial
short-term memory for lists composed of stimuli
drawn from three domains: nonwords (verbal),
visual doodles, and spatial matrices (assumed to
tap spatial memory). Lists were composed either
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of six exemplars from a single class, or two exem-
plars from each of the three classes. Lists were
recalled using a serial reconstruction procedure
that allowed positional confusions and extralist
intrusions, but not omissions.

Method

Participants and design

Twenty members of the campus community at the
University of Bristol participated in exchange for
course credit or reimbursement. All participants
contributed data to all cells of the Stimulus Class
(nonwords, spatial, doodles) x List Type (pure vs

mixed) design.

Materials

Three sets of stimuli were constructed to serve as
verbal, visual, and spatial memoranda. The verbal
set consisted of 40 single-syllable nonwords
selected from the set of nonwords with high
biphone frequency used in Experiment 1 of
Thorn and Frankish (2005). The visual set con-
sisted of 40 filled complex filled shapes (or
“doodles”), an example of which is shown in
Figure 1. To minimize the likelihood of partici-
pants naming the stimuli, the 40 stimuli were
selected from a larger set of 100 shapes constructed
by the experimenter, using the freechand tool in a
graphics software program. The larger set of 100
pictures was printed in a booklet, and 10 pilot par-
ticipants were asked to attempt to provide a verbal
label to each picture in the booklet based on its

NON-WORD

w &1

DOODLE

visual appearance; if no label came to mind, the par-
ticipants were to leave a blank. Based on these par-
ticipants’ responses, the 40 least nameable doodles
were selected; 13 of these were not named by any
participant, a further 14 were named by only a
single participant, and the remaining 13 were
named by two participants, but with different
labels for each participant.

The spatial set consisted of 20 spatial matrices
often used in tasks such as the spatial updating task
(Oberauer & Bialkova, 2011); an example is shown
in Figure 1. Each matrix consisted of a 5 x 5 array
of squares, with a filled circle appearing in one of
the squares. From the 25 possible configurations,
stimuli with a dot in the corner or in the centre
were excluded, as these were expected to be more
amenable to naming; this left the 20 stimuli used in
the experiment. The stimuli were stored in PNG
format (greyspace) at a size of 180 x 180 pixels.

Procedure

A Windows-based computer running the
Psychophysics Toolbox for MATLAB (Brainard,
1997; Pelli, 1997) displayed all stimuli and
recorded all responses. The display background
was white, with stimuli being presented in black.
The display was a 17”7 CRT monitor set to a
display resolution of 1,280 x 1,024 pixels. Each
trial began with the presentation of a fixation
cross in the middle of the screen for 800 ms, fol-
lowed by a blank screen for approximately 200
ms. Following this, a sequence of six stimuli was

displayed in the middle of the screen. On pure

MATRIX

Figure 1. Example stimuli. The stimulus classes, from left to right, are verbal (nonwords), visual (doodles), and spatial (spatial matrices).
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lists the six stimuli were all drawn from the same
domain, while on mixed list trials each list consisted
of two stimuli drawn from each domain. The
stimuli were presented one by one in the middle
of the screen, each stimulus appearing for 1 s, and
successive stimuli being separated by a blank
screen of 500 ms. Following presentation of six
stimuli, a reconstruction screen appeared. This
screen contained the list items and three lures
(items that were not presented on the list). On
pure lists the lures were three further items from
the same stimulus domain as the memoranda; on
mixed lists, exactly one lure came from each of
the three stimulus domains. The list stimuli and
lures were displayed in a 3 x 3 grid in a pseudoran-
dom order, and participants’ task was to click on the
list items in the order of their original presentation.
Clicks that did not land within the 180 x 180-pixel
square corresponding to a stimulus were ignored.
Once an item had been clicked, it was removed
from the display to indicate that it had already
been recalled (these squares could still be clicked,
but this happened very rarely in the experiment).
When six stimuli had been selected, a blank screen
was displayed for 500 ms. Following this, partici-
pants were given feedback on their performance in
a message displaying number correct out of 6; this
was displayed for 1 s before moving to the next trial.

Across the mixed trials, each possible ordering of
stimulus domains was used, resulting in 90 trials for
that condition. Ninety pure lists were also presented
(30 for each stimulus domain) to give 180 trials in
total. For each trial, stimuli were pseudorandomly
selected from the stimulus set and allocated to list
positions according to the list structure for that
trial. The order of trials was pseudorandomized
before participants began the experiment. Each par-
ticipant completed two sessions of approximately 45
min, with 90 trials completed per session.
Participants were given self-paced breaks every 15
trials; these breaks were terminated by pressing
the space bar. Six demonstration trials initiated

CROSS-DOMAIN WM

the first session; the first three of these were pure
lists (nonwords, doodles, and spatial matrices,
respectively), and the second three were mixed lists.

Results

The top-left panel of Figure 2 shows the effects of
list structure and stimulus class on mean recall
accuracy (scored using a correct-in-position cri-
terion). A 2 (list structure: pure vs mixed) X 3
(stimulus domain: nonwords, spatial matrices, and
doodles) repeated measures analysis of variance
(ANOVA) was conducted on overall accuracy.
The ANOVA revealed a significant main effect
of stimulus domain, 712, 38) = 33.20, p<.001, 1’
= .64, a significant main effect of list structure, F
(1, 19) = 31.11, p<.001, nf) = .62, and a significant
interaction, F(2, 38) = 4.87, p = .013, 1 = .20; Post
hoc # tests revealed a significant enhancement of a
mixed list structure for spatial matrices, £19) =
5.17, p<<.001, and doodles, #(19) = 4.78, p<<.001;
the enhancing effect for the nonwords was marginal
under Bonferroni correction, /(19) = 1.88, p = .078.

The remaining analyses broke the overall accu-
racy patterns down by analysing different types of
possible errors.” The top-right panel of Figure 2
shows proportion of responses that were extralist
intrusions (i.e., selection of lures) in the different
conditions. An ANOVA revealed significant
effects of stimulus domain, F(2, 38) = 33.23,
£<.001, n} = .64, and list structure, F(1, 19) =
32.48, p<<.001, nf, = .63, qualified by a significant
interaction, F(2, 38) = 11.87, p<<.001, nf, = .38.
Post hoc tests revealed a a significant decrease in
intrusions for spatial matrices in mixed lists (com-
pared to pure lists), #19) = 7.77, p<<.001; the
effect was marginal for nonwords, A19) = 2.20, p
= .04, and doodles, A19) = 2.19, p = .042.

The bottom-left panel of Figure 2 plots the
effects of the manipulated variables on the mean
proportion of responses that were confusions
between list items from the same class. An

! Note that the ANOVAs reported here are technically redundant, since the different error types must necessarily add up to 1-accu-
racy. This is not a major issue here, as we are using the ANOVAs on errors to determine what is driving any differences in response

accuracies.
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Figure 2. Effect of list structure (pure vs. mixed) and stimulus class on proportions of different response types. Top left: proportion correct
responses; top right: proportion intrusions; bottom left: proportion within-class confusions; bottom right: proportion between~class confusions.

ANOVA revealed a significant effect of stimulus
domain, F(2, 38) = 20.70, p<.001, 1’ = .52, and
a significant main effect of list structure, with
mixed lists producing more confusions between
items from the same class, F(1, 19) = 18.21,
»<.001, nf) = .49. The interaction was also

significant, F(2, 38) = 7.07, p = .002, 03 = .27,
post hoc tests revealing that mixed lists increased
the frequency of within-class confusions for
spatial matrices, #(19) = 4.76, p<<.001, and
doodles, #(19) = 2.83, p = .011, but not nonwords,
1<1.
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Finally, the bottom-right panel of Figure 2 plots
the mean proportion of responses that were con-
fusions between list items from different stimulus
classes. An ANOVA revealed a significant effect
of stimulus domain, (2, 38) = 21.52, p<<.001, nf)
= .53, and list structure, F(1, 19) = 66.29,
$<.001, nﬁ = .78, qualified by a significant inter-
action, F(2, 38) = 9.52, p<<.001, nﬁ = .33. Post
hoc tests revealed a significant decrease in
between-class confusions for spatial matrices,
#19) = 5.80, p<<.001, and doodles, A(19) = 6.61,
$<<.001, on mixed lists relative to pure lists, the
decrease in the nonwords not reaching significance,
#19) =1.69, p=.108.

Discussion of results

For spatial matrices and doodles, intrusions and
between-class confusions were reduced on mixed
lists, with a specific increase in within-class con-
fusions. The nonword stimuli did not produce the
significant effects seen in the other stimuli, but
did produce results qualitatively in line with those
other stimuli.

Of the theories discussed in the introduction,
these results are most consistent with global
models, in which mixing leads to a recall advantage
by increasing the relative distinctiveness of items. To
confirm that this is the case, and to address the slight
difference in effects between the visuospatial and
verbal materials, we simulated the experiment in a
representative serial recall model (Henson, 1998).

Simulations with a unitary model

To confirm that the results are consistent with a
unitary model, a representative serial recall model
was applied to the data. A number of models can
be considered unitary models in that they do not
specify separate routes or processes for storage of
items from different domains (Brown, Neath, &
Chater, 2007; Brown, Preece, & Hulme, 2000;
Farrell & Lewandowsky, 2002; Henson, 1998;
Lewandowsky & Farrell, 2008; Lewandowsky &
Murdock, 1989). Rather, these models assume
that items from the same domain overlap more sub-
stantially in their representational features, or

CROSS-DOMAIN WM

otherwise be more proximate in the multidimen-
sional space in which items are situated. Other
models have been specifically considered as
models of the phonological loop, but might reason-
ably be considered applicable to other types of
stimuli by assuming that their ordering mechanism
is domain-general (Burgess & Hitch, 1999; Page &
Norris, 1998). We focus here on the start—end
model (Henson, 1998) as it is a representative
and straightforward model that assumes a number
of mechanisms common to the majority of serial
recall models, including positional marking, a
primacy gradient, and response suppression (see
Lewandowsky & Farrell, 2008, for a review). The
start—end model (SEM) assumes that each item is
associated with a representation of its position in
the list. Each position representation is formed
from the pair of values from a “start” marker and
an “end” marker. The start marker decreases in
value across the list, while the end marker increases
across the list, such that these markers respectively
anchor the position of items to the start and end of
the sequence. An ordered sequence is retrieved by
running through the positional states that were
associated with items at encoding, and matching
each cue to the positional states associated to
stored items. These matches are used to select an
item for retrieval through a noisy winner-takes-all
mechanism.

Relevant here is the assumption, incorporated in
a number of models (Brown et al., 2000; Henson,
1998; Lewandowsky, 1999; Lewandowsky &
Farrell, 2008; Page & Norris, 1998) that the
retrieved item representation is matched to a pool
of potential response candidates to choose one can-
didate for actual recall. This serves a role as a recon-
struction mechanism in models in which the noisy
output of memory is cleaned up—using constraints
from long-term knowledge—to produce an unam-
biguous item; in our experiments this stage would
presumably reflect the matching of the recalled
item to the candidates presented on the screen for
recall. This matching stage is also important to
explain the propensity to confuse items on the
basis of their (typically phonological) similarity,
including items that were not presented on the
list of memoranda (Henson, 1998; Henson,
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Figure 3. Effect of list structure (pure vs. mixed) and stimulus class on proportions of different response types predicted by the start—end model.
Top left: proportion correct responses; top right: proportion intrusions; bottom left: proportion within-class confusions; bottom right: proportion

between—class confusions.

Norris, Page, & Baddeley, 1996; Page & Norris,
1998). Following Henson’s (1998) modelling of
phonological similarity effects, we assumed that
the pattern of data seen in the experiments could
be explained by the similarity—and thus

confusability—of items from the same domain
versus different domains.

Data were simulated using parameter values
reported in Table B1 of Henson (1998), with a
few adjustments: G was set to a value of 0.1, and
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Gpwas set to a value of 0.3. These values, and the
values of the confusability parameters, were chosen
by hand through some experimentation, as we were
not concerned with a precise quantitative fit.
Averaged predictions were obtained by simulating
3,600 recall sequences from the model and
feeding these into the same analysis routine as
that used to analyse the data.

Figure 3 shows the predictions of the model.
The figure shows that the model does a decent
job of capturing the important effects in the data,
particularly the overall decrease in confusions
between classes on mixed lists. The model also pro-
duces the lesser sensitivity of the nonwords to the
mixture manipulation; this  straightforwardly
follows from the assumption that nonwords are
less confusable with other stimuli, meaning they
are less sensitive to the nature of other competitors
for recall.

GENERAL DISCUSSION

The results of the experiment and modelling speak
to the mechanisms for binding together infor-
mation from different domains (verbal, spatial,
and visual) into a sequence. On average, mixed
lists produced superior serial recall, due to a
decrease in intrusion errors and, more diagnosti-
cally, a decrease in confusions between items from
different classes; at the same time, confusions
within a class were slightly increased on mixed
lists. The only slight deviation in this pattern was
in the nonword data, which overall showed weak
effects that were nonetheless consistent with those
shown for the other two domains.

The results contradict the prediction of theories
assuming that coherence of successive events makes
representing and remembering their order easier
(Cowan, 2000). Our findings are also inconsistent
with simple multistore models of working
memory (most notably, Baddeley, 1986).
According to both these approaches, stimuli from
different domains will be assigned to separate
stores, producing superior sequencing within a
domain, but poor sequencing between domains.
The results speak against these theories on two

CROSS-DOMAIN WM

counts: First, memory for order within pairs was
worse on mixed lists than on pure lists. Second,
memory for order between pairs was better for
mixed lists than for pure lists.

Our findings also question the extended multi-
component theory of Baddeley (2000). This
theory can appeal to the episodic buffer to explain
how people retain the order of items from different
domains. However, the theory still cannot explain
why between-domain ordering in mixed lists is
superior to that of matched pairs of items on pure
lists. The episodic buffer must be assumed to con-
tribute to overall order of both mixed and pure
lists; memory for between-pair order in pure lists
—but not mixed lists—would in addition benefit
from the ordering mechanism of the relevant
domain-specific subsystem (e.g., the phonological
loop). Thus, if anything, ordering of information
between pairs on pure lists should be superior to
that on mixed lists. In contrast, we observed that
order between domains in mixed lists was remem-
bered better than order between matched pairs in
pure lists. One way to circumvent the above predic-
tion in Baddeley’s theory is to assume that order
between items from different domains is easier to
remember for the episodic buffer than items from
the same domain. Such an assumption could be
justified by the fact that items from different
domains are less confusable. Adding this assump-
tion would be tantamount to describing the episodic
buffer as a mechanism indistinguishable from
unitary models of serial order, leaving no explana-
tory work for the assumed domain-specific stores.
Thus, a unitary system for remembering items in
order, without supplementary domain-specific
stores, would be the simpler model and certainly
sufficient as a model of short-term memory given
that existing models have been very successful in
accounting for data from serial recall and other
tasks (Brown et al., 2007; Brown et al., 2000;
Burgess & Hitch, 1999; Farrell, 2012; Henson,
1998; Lewandowsky & Farrell, 2008; Oberauer,
Lewandowsky, Farrell, Jarrold, & Greaves, 2012;
Page & Norris, 1998). Maintaining the domain-
specific stores in the theory as supplementary mech-
anisms for remembering within-domain order would

engender the additional challenge of explaining why
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order within stimulus classes was worse on mixed
lists in our experiments, where each domain-
specific store would have to hold only two items,
compared to pure lists, where the relevant store
would have to hold six items and their order.

Our results are most consistent with unitary the-
ories of memory for serial order. This account predicts
that mixing items from different lists should produce
superior memory performance, primarily as the result
of the reduction in confusion of items from different
stimulus classes. We used a representative serial
recall model—the start—end model of Henson
(1998)—to confirm that such a model produced the
decrease in between-class confusions on mixed lists.
The modelling was also useful in showing how a
few simple assumptions could account for the differ-
ent pattern of results in verbal and visuospatial
materials. One assumption was that verbal materials
(words, and to a lesser extent nonwords) were more
distinctive and therefore less confusable with each
other and with stimuli from the other domains.

Our arguments about different degrees of dis-
tinctiveness for different stimulus classes raises a
general point: If we accept the domain-generality
of order memory, what defines the different
domains of memory? What produces the suscepti-
bility to confusion within and between domains
assumed in the modelling we presented here?
One answer is presented in the recent modelling
efforts of Oberauer et al. (2012), who extended
the Serial-Order-in-a-Box model (Farrell, 2006;
Lewandowsky & Farrell, 2008) to apply to per-
formance in the complex span task. Oberauer
et al. (2012) modelled the effects of distractors
drawn from the same versus different domains as
the list items (e.g., verbal stimuli with visuospatial
distractors) by assuming that stimuli from different
domains were represented over different sets of
units in a connectionist network. Accordingly,
verbal stimuli would have values set for verbal fea-
tures, with features representing visuospatial infor-
mation being set to a null value, and visuospatial
stimuli would have values set for visuospatial fea-
tures, with verbal features set to a null value. To
explain the interference that is sometimes found
between domains, Oberauer et al. (2012) assumed
some degree of task impurity, such that, for

example, visuospatial stimuli might also activate
some verbal features, and vice versa. The model
explains the difference between within-domain
similarity and between-domain similarity without
assuming separate stores. Between-domain simi-
larity is reflected in the degree of overlap between
representations enrolled during tasks using
materials from different domains. Items from
different domains will overlap less because they
activate different sets of feature units in the
network, although some overlap is possible.
Applied to the present experiments, the relatively
high similarity between visual and spatial items
here could be explained by features being shared
across the domains: The spatial matrices obviously
involve some visual information, and the visual
stimuli might draw on some spatial representations
(e.g., the size and location of a particular dark
patch). In contrast to stimuli from different
domains, stimuli from the same domain always
activate the same set of feature units, although
with different values. Thus, within-domain simi-
larity reflects the extent to which two stimuli
share the same values for particular features; for
example, a red square and a blue triangle will
both have a value for the feature(s) coding colour,
and the question is how similar the values are.
This once again demonstrates how domain-
general models can provide a detailed and prin-
cipled account of behaviour typically attributed to
different processes or mechanisms, and it calls for
more direct tests of whether dissociations of
hypothetical subsystems in short-term or working
memory are not simply dissociations of the rep-
resentations recruited by a task.
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